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ABSTRACT 

We carried out a one-night optical V and near-infrared JHK monitoring observation of the least luminous 
Seyfert 1 galaxy, NGC4395, on 2004 May 1, and detected for the first time the intraday flux variations in the 
J and H bands, while such variation was not clearly seen for the K band. The detected J and H variations are 
synchronized with the flux variation in the V band, which indicates that the intraday-variable component of 
near-infrared continuum emission of the NGC4395 nucleus is an extension of power-law continuum emission 
to the near-infrared and originates in an outer region of the central accretion disk. On the other hand, from our 
regular program of long-term optical BVI and near-infrared JHK monitoring observation of NGC4395 from 
2004 February 12 until 2005 January 22, we found large flux variations in all the bands on time scales of days 
to months. The optical BVI variations are almost synchronized with each other, but not completely with the 
near-infrared JHK variations. The color temperature of the near-infrared variable component is estimated to be 
T = 1320 ^ 1710 K, in agreement with thermal emission from hot dust tori in active galactic nuclei (AGNs). 
We therefore conclude that the near-infrared variation consists of two components having different time scales, 
so that a small K-^va. variation on a time scale of a few hours would possibly be veiled by large variation of 
thermal dust emission on a time scale of days. 

Subject headings: galaxies: Seyfert — galaxies: active — infrared: galaxies — dust, extinction — galaxies: 
individual(NGC 4395) 



1. INTRODUCTION 

The near-infrared continuum emission of type 1 AGNs 
is considered to be dominated by thermal emissio n from 
hot dust surrounding the central engin e (iKobavash i et al. I 
ll993HGlikman. Helfand. & White 1200^ . However, the con- 
tribution of the accretion disk to the near-infrared contin- 
uum emission is suggested by the standard accretion disk 
model with large outer radius that predicts the power-law 
continuum emission of fy ^ j/+'/^ at long wavelengths 
iShakura & Sunvaev1ll973^ . If this is the case, part of the 
near-infrared emission would originate in the outer accre- 
tion disk, although it is difficult to separate the accretion 
disk component from the dominant thermal dust component 
by the simple method of spectral decomposition. In or- 
der to clearly separate the accretion disk component, tech- 
nicjues using variability (Tomita et al. 2006) and polarization 
llKishimoto. Antonucci. & Blaes I l2005i) were recently pro- 
posed and applied to some AGNs. 

NGC4395 is a unique obj ect known as the least lumi- 
nous Seyfert 1 galaxy (Filip penko & Sargent I ll98Sl) . hav- 
ing a bolometric luminosity of only Lboi ~ jo^o^^i gj.gg 
s^' with broad emis sion lines in the UV and optical spec- 
tra JFilippenko & Sargent ..1989: .FiUppenko. Ho. & Sargent I 
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Il993t iKraemer et al. lfT99^ . Its spectral energy distribution 
(SED) from the X-ray to radio wavelengths resembles those 
of normal type 1 AGNs rather than tho se of low- ionization 
nuclear emission-line regions (LINERs) (Mo ran et al. 11999ft . 
Although a compact radio source is detected , it is a radio- 
quiet AGiyHo&|ui^sid]|2M2|W^ & Ho] 
1200 iHHo & Peng 11200 l')'~The mass of the central black hole 
measured by reverberation-mapping observation of the C IV 
emission line is as s mall as Mbh = (3.6 ±1.1) x 10^ Mq 
JPeterson et al. I2005h . 

Moreover, the NGC4395 nucleus shows extreme vari- 
ability at many wavelengths, probably because of its low 
luminosity and small black hole mass. Fast and large- 
amplitude variations were obs erved in the X- ray ( Lira et al J 
1999; Iwasawae t al. 2000; Shih, Iwasawa, & Fabian 20031 
Vaugh an et al. 1 12005: Moran et al. 2005), and intrada y vari- 
ations were observed in the UV and optical fcPeterson et al. I 
2005; Skeltonetal. 2001). In the near-infrared, while 
lOuillen et al . (2000) reported a 15% flux variation in the H 
band at an interval of three weeks, no detailed intraday moni- 
toring observation has been carried out yet. 

In this paper, we report the results of the optical and near- 
infrared intraday monitoring observation of the Seyfert 1 nu- 
cleus in NGC4395. As observed in the X-ray, UV and op- 
tical, we found the intraday variation in the J and H bands 
almost synchronized with the optical intraday variation. We 
conclude that the emission of the intraday-variable compo- 
nent in the optical and near-infrared originates in the central 
accretion disk. Throughout this paper, we adopt 4.0 Mpc for 
flie distance of NGC4395 (Thim et al. 2004). 

2. OBSERVATIONS 

A one-night monitoring observation was carried out on 
2004/05/01 (UTC), while our regular program of long-term 
monitoring observation started from 2004/02/12 (UTC), us- 
ing the multicolor imaging photometer (MIP) mounted on the 
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Fig. 1. — The optical and near-infrared light curves of the NGC4395 
nucleus on 2004/05/01 (UTC); V (small open circles), J (open squares), H 
(small filled circles), and K (open circles). For clarity, an offset of —0.05 
mJy is applied to H, and —0.25 mJy to K. 

2 m telescope of the Multicolor Active Galactic Nuclei Mon- 
itoring (MAGNUM) project at the Haleaka la Observatories 
in Hawaii (Kobavas hietal. 1 11998a b: Yoshii 2002). Here, 
we describe the procedures of observation and data reduc- 
ti on only briefly, because most of them have been described 
in lMinezaki et al. I J2004 . 

Our one-night monitoring observation started at 06:31 and 
ended at 12:35 on 2004/05/01 (UTC). Using the MIP's si- 
multaneous optical and near-infrared imaging capability, a se- 
quence of {V,K), {V,H), and {V,J) imagings was repeated 
cyclically during the observation, and 59 data points for V 
and 20 data points for each of J, H, and K were obtained. 
The average monitoring interval was six minutes for V and 
18 minutes for J, H, and K. In addition, the long-term 
monitoring observation started from 2004/02/12 (UTC) and 
11 data points were obtained until 2005/01/22 (UTC). After 
2004/04/29 (UTC), the observation each night was carried out 
quasi-simultaneously (within 10 minutes) in the B, V, I, J, H, 
and K bands. 

The nuclear flux was measured relative to a nearby refer- 
ence star (a = 12''25"50.9P, S = +33°33'10.1" (J2000)), 
which was observed along with the target, within the field of 
view of the MIR The optical fluxes of the star were calibrated 
with respect to a photometric standard star in Landolt ( 1992) . 
and the near-infrared fluxes were taken from the 2MASS All- 
Sky Catalog of Point Sources i 



^Tutri et al. 12003ft . The diame- 
ter of photometric aperture was 2.8 arcsec for the optical, and 
2.4 arcsec for the near-infrared. The flux of the host galaxy 
within the aperture was not subtracted. 

3. RESULTS 

Figure ^ shows the optical and near-infrared light 
curves of the NGC4395 nucleus on 2004/05/01 (UTC). 
Galactic e xtinction was corrected for according to 
ISchlegel. Fi nkbeiner . & Davis I Jl998h . Clear flux vari- 
ations in the V, J, and H bands are found during the 
monitoring period of six hours, and this is the first detection 
of intraday variation in the near-infrared for normal Seyfert 1 
galaxies. The amplitude of variations was 0.05 — 0.09 mag, 
however, the real amplitude for the NGC4395 nucleus must 
be larger, because non-variable fluxes such as the host galaxy 
flux and the narrow-line flux were not subtracted from the 
data. On the other hand, intraday variation is not clearly seen 
in the K band. 

Apparently, the intraday variations in the V, J, and H bands 
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Fig. 2.— The CCF (dashed line) and the CCCD (solid line) between the V- 
band and the 7 + // combined light curves on 2004/05/01 (UTC). The CCF is 
peaked at 0.003 days and the CCF centroid is estimated as r^cnt = 0.005 



days or 7.2 , ** ^ minutes from the CCCD. 
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are almost synchronized. In order to estimate a possible lag 
between the optical and near-infrared intraday variations, we 
applied a cross-correlation analysis. First, in order to increase 
the number of data points, the /-band and the //-band light 
curves were combined according to the linear regressions of 
the J- and //-band fluxes to the V-band flux obtained simul- 
taneously during the one-night monitoring observation. Then 
a cross-correlation function (CCF) was computed based on 
the linear interpol ation method ( Gaskell & Peterson 198'5 
IWhite & Pet erson 1994). Since the number of V-band data 
points is larger and their photometric accuracy is better, 
the V-band light curve was interpolated. The lag of the 
CCF centroid Teem was adopted to represent the lag between 
two light curves. The error of Tcent was estimated by a 
model-independent Monte Carlo simulation called the "flux 
randomiz ation/random subset selection" (FR/RSS) method 
iPeterson et al. 1120041) . The cross-correlation centroid distri- 
bution (CCCD) was made based on the simulation of 10000 
realizations. Figure |2] shows the CCF and the CCCD be- 
tween the V-band and the combined near-infrared light curves 
on 2004/05/01 (UTC). The near-infrared lag time behind V 
is estimated from the CCCD as Tcent = 0.005^00°; days, or 
7.2^j5 g minutes. The intraday variations in the near-infrared 
(J, H) are almost synchronized with that in the optical within 
an accuracy of ^ 10 minutes. The short time scale of variation 
(a few hours) and the synchronization to the optical variation 
(~ 10 minutes) suggest that the intraday-variable component 
of flux in the near-infrared originates in the central accretion 
disk. That is, it is an extension of optical power-law contin- 
uum emission to near-infrared wavelength. 

Figure |3] shows the optical and near-infrared light curves 
of the long-term monitoring observation of the NGC4395 nu- 
cleus. The optical and near-infrared fluxes are clearly variable 
on time scales of days to months, and the apparent amplitude 
of variation during the monitoring period reaches about a few 
tenths to one magnitude. The optical flux variations in the B, 
y, and / bands are synchronized with each other, while the 
near-infrared flux variations, especially in the K band, are not 
completely synchronized with those in the optical. 

Figure |4] shows the flux-flux diagrams from the long-term 
monitoring observation. The variations in the B or / bands 
relative to the V band are almost on straight lines, which sug- 
gests that the spectral shape of variable components in the 
opti cal region stays constant as reporte d for Seyfert galax- 
ies dWinkler et al. 1119921 Inkier II 1997^ . The slope of fliese 
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Fig. 3. — The optical and near-infrared light curves of the NGC4395 
nucleus; B (open squares), V (small filled circles), and / (open circles) in 
the lower panel, and J (open squares), H (small filled circles), and K (open 
circles) in the upper panel. An offset of 0. 1 mjy is applied to / for clarity. The 
intraday variation data of 2004/05/01 (UTC) are presented by vertical bars at 
MJD= 53126. The optical data at the last two epochs were noisy because of 
instrumental problems, and their B-band data were omitted. 
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Fig. 4. — The flux-flux diagrams from the long-term monitoring of the 
NGC4395 nucleus. Plotted against V are the data for B (filled squares and 
crosses) and / (filled circles) in the left panel, and / (open squares), H (small 
filled circles), and K (open circles) in the right panel. The straight lines in 
the left panel are the regression fines based on the BVI data (filled symbols) 
which were taken almost simultaneously within 10 minutes. 

lines, or the flux variation gradient (FVG), corresponds to the 
power-law index of variable component. From the regres- 
sion analysis using the B, V, and / data points of the quasi- 
simultaneous observation, we obtain a^ = —0.6 ±0.2 for B 
to V, and a^, = 0.0 ± 0. 1 for V to /, which are simi lar to those 
of more luminous Seyfert galaxies (Winkler 1997). 

In contrast, the near-infrared J, H, and K variations largely 
deviate from straight lines, and the deviation is larger for 
longer wavelengths, which suggests that another variable 
component exists in the near-infrared. We extracted the SED 
of this component by evaluating the near-infrared flux dif- 
ference at two epochs for which the optical fluxes were al- 
most the same. The flux difference between 2004/04/29 and 



2004/07/21 is A/ (mJy) = 0.025 ± 0.009 (B), 0.009 ± 0.010 
(y), 0.020 ±0.006 (/), 0.071 ±0.009 (7), 0.162 ±0.011 
(//), and 0.332 ±0.015 (K). The color temperature as- 
suming the black body radiation is estimated as 1710 ± 
150 K from Afy/Afj, and 1320 ±80 K from A/k/A/h. 
These estimates are consistent with th e near-infrared SEDs of 
QSOs originating in the hot dust to ri jKobavashi et al. l[l993t 
iGUkman. Helfand. & White 120061) . 

4. DISCUSSION 

The near-infrared intraday variation of the NGC4395 nu- 
cleus and its synchronization to the optical suggest that there 
exists a near-infrared emitting region in the accretion disk, so 
that the lag between the optical and the near-infrared intraday 
variations would be a direct measure of the extent of the ac- 
cretion disk, if the reprocessing of incident flux variation to 
the near-infrared can be applied. Accordingly, a wavelength- 
dependent lag in variations of power-law continuum emis- 
sion is expected, interpreted in terms of light-travel time from 
the central e nergy source to each radius of the accretion disk 
JCollieretal. .19 99). 

Therefore, the outer radius of the accretion disk indicated 
by the possible lag between the V-band and the near-infrared 
intraday variations is worthwhile comparing with the size of 
the broad emission-line region (BLR). Our measurement of 
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days 



(2004/05/01). Peterson et al. (2005) reported from the rever- 
beration mapping program for the C IV emission line of the 
NGC4395 nucleus that the C IV lag time behind UV contin- 



uum (A = 1350 A) is Tciv == 0.033 



and Tciv — 0.046 
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days (2004/07/03). Apparently, Tcent 



is smaller than rciv . If we adopt the wavelength-dependent 
relation t(A) °^ X'^/^ given by Collier et al. ( 1999), the near- 
infrared lag behind the UV continuum would be ~ 1.3 — 1.4 
times larger than that behind V. In addition, the inner re- 
gion of the BLR of the NGC4395 nucleus would be a few 
times smaller than the C IV emitt ing regi on because the BLR 
of Seyfert galaxies is stratified (iPeterso n & Wandel 1999). 
These considerations suggest that the outer radius of the ac- 
cretion disk might be comparable to the inner radius of the 
BLR in the NGC4395 nucleus. 

Next, we discuss the contribution of the power-law contin- 
uum component in the K band. As described in the previ- 
ous section, thermal emission from the dust torus largely con- 
ti-ibutes to the K-hand flux of the NGC4395 nucleus. Since 
the dust torus is expected to be extended, the short time scale 
variation of incident flux is smeared out and the thermal flux 
would not be variable on such a time scale. Then, even if 
there was an intraday flux variation of the power-law contin- 
uum component in the K band, it would be veiled by the large 
amount of thermal flux from the dust torus. We estimated 
an average of TiT-band fluxes at peaks (five data points) and 
at valleys (six data points) of the V-band intraday variation, 
and derived their difference. The 3 a upper limit of the flux 
difference of 0.04 mJy represents an amount of intraday vari- 
ation in the K band. On the other hand, such a difference in 
the J and H bands is about 0.03 mJy. Therefore, it is possi- 
ble to consider that an intraday flux variation in the K band is 
comparable to those in the J and H bands. 

Finally, we estimate the inner radius of the dust torus ac- 
cording to the correlation between the V-band absolute mag- 
nit ude and the lag time of /T-band flux variation reported 
bv iMinezaki et al.1 (12004ft . The host galaxy flux within the 
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aperture is estimated as 0.26 mJy from the /-band magni- 
tude of the central star cluster in NGC4395 tFilicpenko & Ho 
f03l and by assuming typic al V — I co lor of Scd galaxies 
uku2ita, Shimasaku, & Ichik awa 11995ft. Th e flux of the [O 
III] narrow line was taken from Skelton et al. (2005), and its 
contamination of the V-band flux is estimated as 0.24 mJy. 
After subtracting these fluxes, the V-band absolute magni- 
tude of the NGC4395 nucleus is estimated as My '^—11 mag, 
which leads to a lag time ofrj^^l day. The thermal flux from 
such a dust torus, whose inner radius is ^^ 1 light-day, would 
not be variable on a time scale of hours, veiling the possible 
intraday variation of the power-law continuum component in 
the K band. 

The present paper indicates that more intense multi- 
wavelength monitoring observation of the NGC4395 nucleus 
every 10 minutes a night will definitely extract the synchro- 
nized intraday variation of power-law continuum component 
up to the near-infrared K band, and a wavelength-dependent 
lag behind X-ray or UV is able to probe the radial structure 



of central accretion disk. This intense multi-wavelength mon- 
itoring observation over a month will alternatively extract the 
near-infrared K variation of thermal dust component, and its 
lag behind UV or optical gives an accurate measure of the 
inner radius of minimum dust torus in the least luminous nu- 
cleus among Seyfert 1 AGNs. These lag measureme nts of 
greate r accuracy, together with the C IV lag ( Peterson et al. I 
l2005h . will finally uncover a full range of radial structure con- 
sisting of the accretion disk, the BLR, and the dust torus in the 
NGC4395 nucleus. 
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